Abstract. The objective of the present study was to determine whether guanine nucleotide-binding protein α stimulating (GNAS) gene expression correlates with pathognomonic signs by analyzing the mutations, methylation status and G-protein α subunit (G sα ) expression of GNAS in Ewing sarcoma (ES). Formalin-fixed paraffin-embedded tissue samples from 77 patients with primary ES were obtained in South Korea, Argentina and Brazil, and were studied via methylation chip assay and direct sequencing of the GNAS gene and immunohistochemical analysis of G sα . The mutation and methylation statuses of the GNAS gene were examined. Immunohistochemical results were measured with respect to proportion and staining intensity. The results revealed that GNAS genes in ES tumor samples were less methylated compared with normal controls. No mutations were detected at exons 8 or 9 of the GNAS locus complex on chromosome 20q13.3, indicating that the pathogenesis of ES was not associated with GNAS mutation. G sα expression correlated well with the methylation status of the GNAS gene. Notably, high G sα expression was detected more frequently in samples from living patients than from decedents, although this was not statistically significant (P=0.055). In conclusion, GNAS mutation is not associated with the pathogenesis of ES tumors. This finding may be used to differentiate ES tumors from metastatic bone lesions with morphological similarity to ES tumors. Analysis of the methylation status of the GNAS gene and immunohistochemical G sα expression suggests that hypermethylated GNAS (low G sα expression) in ES may be associated with unfavorable progression with a non-significant trend.
Introduction
Ewing sarcoma (ES) is the second most common primary bone malignancy, and typically develops in children and adolescents, predominantly in white males (1) . It is also referred to as Ewing sarcoma family tumor (ESFT), which includes extraskeletal ES and primitive neuroectodermal tumors. ESFT is a highly aggressive malignancy, with a rate of metastasis of 27% at the time of diagnosis (1) . Chemotherapy with intercalated locoregional managements, such as surgery and radiation, is the generally recommended treatment (2) . The advanced development of diagnostic tools and delicate understanding of transcriptional and translational factors associated with the pathogenetic Ewing sarcoma breakpoint region 1 (EWSR1)/Friend leukemia integration 1 transcription factor (FLI1) fusion protein (EWS-FLI1) gene have contributed to the improvement of targeted therapies for important oncoproteins. Therefore, the survival rate of patients suffering from ES tends to increase with better elucidation of the pathogenesis and the application thereof to the development of management strategies; the 5-year survival rate may increase from 15 to 39% for metastatic disease, and from 44 to 68% for localized disease (1) . For this reason, it is important to determine and act based upon the pathognomonic signs of ES; however, the pathogenesis of ES remains to be elucidated.
There have been a number of suggestions attempting to explain the complicated pathogenesis of ES, which have included insulin-like growth factor-binding protein 3 downregulation, sonic hedgehog signaling and microsatellite-related signaling (3) . Additionally, there is evidence to suggest that expression of the guanosine nucleotide-binding protein α stimulating (GNAS) gene, which encodes the G-protein α subunit (G sα ), is associated with the pathogenesis of ES: i) Insulin-like growth factor 1 receptor (IGF1R) expression is related to the early growth response 1 (EGR1) gene and its promoters, which consist of the EWS-FLI1 fusion protein and the cyclic adenosine monophosphate (cAMP) response element-binding protein (CREB) (4-6); this cAMP/CREB signature is activated by G sα and may result in EGR1 and IGF1R expression; ii) it has been shown that CREB-Smad6-Runx2 signaling promotes defective osteogenesis (7) , and the EWS-FLI1 fusion protein also inhibits Runx2 (8); iii) our previous genome-wide methylation studies of ES revealed that the GNAS gene was hypomethylated (9) , and proposed that a hypomethylated GNAS gene may be overexpressed in ES relative to normal mesenchymal cells of bone, such that ES tumors would have high expression of G sα ; and iv) activating mutations of the GNAS gene have been identified in pituitary tumors (10) , ovarian granulosa cell tumors (11) , renal cell carcinomas (12) and hepatocellular carcinomas (13) , and these tumors exhibited morphological resemblances to neuroendocrine cells, similar to ES. On the basis of this evidence, we hypothesized that GNAS expression may be associated with the pathogenesis of ES.
The purposes of the present study were to analyze GNAS mutation and methylation statuses, and G sα expression in ES, in order to determine whether GNAS expression is pathognomonically relevant. To the best of our knowledge, the current study is the first to examine the pathogenic role of the GNAS gene in ES. Patient demographics are presented in Table I . Full data, including follow-up periods and overall survival, were available for 45 patients. The study protocol was reviewed and approved by the Kyung Hee University Institutional Review Board (Seoul, South Korea).
Materials and methods

Clinical
Bisulfite conversion and methylation chip assay. Bisulfite conversions of all DNA samples were performed using an EZ-96 DNA methylation kit (Zymo Research, Orange, CA, USA) according to the manufacturer's instructions. For each bisulfite conversion, 500 ng of genomic DNA was used. Following bisulfite treatment, quantification of methylcytosine content was conducted using an Illumina GoldenGate Methylation Cancer Panel I microarray (Illumina, Inc., San Diego, CA, USA). The GoldenGate Panel was used to process 1,505 CpG sites from a panel of 807 cancer-related genes. Briefly, bisulfite-converted DNA was allowed to react with biotin and was then hybridized to assay oligos, after which allele-specific extensions and ligations were conducted at 45˚C for 15 min. Ligated products were amplified via polymerase chain reaction (PCR) with the following parameters: 10 min at 37˚C; 34 cycles of 35 sec at 95˚C, 35 sec at 56˚C and 2 min at 72˚C; 10 min at 72˚C; and 5 min at 4˚C. Single-stranded PCR products were prepared by denaturation and hybridized to a Sentrix Array Matrix (GoldenGate Methylation Cancer Panel I). Array hybridization was conducted overnight in a temperature gradient program ranging from 45 to 60˚C, and arrays were imaged using a BeadArray Reader scanner (Illumina, Inc.). Raw methylation ratios were calculated using the Methylation Module in Illumina's BeadStudio following background normalization, which was derived by averaging the signals of a built-in negative control. Each sample was examined in a duplicate manner in the chip assay.
Direct sequencing. Direct sequencing was performed to detect the mutational status of GNAS exons 8 and 9. Genomic DNA was extracted using the Magna Pure LC instrument (Roche Applied Science, Mannheim, Germany). PCR was performed using a thermal cycler (GeneAmp PCR system 9700; Thermo Fisher Scientific, Waltham, MA, USA). PCR ingredients containing 2.5 µl of 10X buffer [50 mM KCl, 10 mM Tris-HCl (pH 8. Immunohistochemistry. Immunohistochemical stains for anti-G protein α S antibody were performed on FFPE human specimens. Immunohistochemistry procedures were performed on 5 µm tissue sections on a Leica Bond-Max automatic slide stainer (Leica Biosystems Melbourne Pty. Ltd., Melbourne, Australia) using the standard protocol. In brief, the 5 µm sections of FFPE tissues were deparaffinized using Bond Dewax Solution (Cat#. AR9222; Leica Biosystems Newcastle Ltd.), and an antigen retrieval procedure was performed using Proteinase K Solution (ready for use; Cat#. S3020; Dako Korea Co., Ltd., Seoul, Korea) for 7 min at room tempurature. The endogenous peroxidase was quenched by incubation with hydrogen peroxide for 15 min. Sections were incubated for 15 min at ambient temperate with a rabbit monoclonal anti-G protein α S antibody (Cat#. ab83735; Abcam, Cambridge, MA, USA) at a 1:600 dilution. Secondary antibodies goat anti-rabbit biotin-free polymeric horseradish peroxidase and rabbit anti-mouse linker antibody, contained in a Bond Polymer Refine Detection System (Cat#. DS9800; Leica Biosystems Newcastle Ltd., Newcastle, UK), were incubated for 8 min at room temperature. Bound primary antibodies were visualized using DAB with a Bond Polymer Refine Detection System (Cat#. DS9800; Leica Biosystems Newcastle Ltd.) and a Bond-Max automatic slide stainer (Leica Biosystems Melbourne Pty. Ltd.). The nuclei in these sections were counterstained with hematoxylin using a Bond Polymer detection System (Cat#. 9800; Leica Biosystems Newcastle, Ltd.). Pancreatic islet cells, obtained from the remaining tissues of patients that received pancreatectomies due to chronic pancreatitis, were used as a positive external control.
Pathological analysis of immunohistochemistry. The immunohistochemical results were measured and scored with respect to intensity and proportion in positive tumor cells, and were independently reviewed by three pathologists (Drs Byeong-Joo Noh, Ji-Youn Sung and Yong-Koo Park). The staining intensity was graded in a 4-tiered system as follows: No visible brown staining, 0; pale brown, 1+; non-homogeneous brown, 2+; homogeneous dark brown color, 3+. According to the cytoplasmic staining intensity and proportion of positive tumor cells, the final scores of G sα were categorized as grade 0, 1, 2 or 3: Grade 0, absence of G sα staining in 100% of tumor cells; grade 1, intensity 1+ in >70% of tumor cells or intensity 2+ in ≤30% of tumor cells; grade 2, intensity 1+ in >70% of tumor cells, intensity 2+ in >30% but ≤70% of tumor cells or intensity 3+ ≤30% of tumor cells; grade 3, intensity 2+ in >70% of tumor cells or intensity of 3+ in >30% of tumor cells (Fig. 1) .
Statistical analysis. Statistical analyses were conducted using SPSS version 12.0 (SPSS, Inc., Chicago, IL, USA). Pearson's χ 2 and independent t-tests were conducted to determine correlations between tested values and clinicopathological parameters. Univariate survival analyses were performed to examine the prognostic significance of antibody expression and clinicopathological parameters, according to the Kaplan-Meier curve with a log-rank test. Statistical significance was considered to be indicated by P<0.05.
Results
Methylation analysis of the GNAS gene.
The degree of methylation of the GNAS gene was assessed using the Illumina GoldenGate Methylation Cancer Panel I microarray. The GoldenGate DNA methylation method measures DNA methylation levels as β-values ranging from 0 (no DNA methylation detected) to 1 (complete DNA methylation). The results indicated that the GNAS gene in ES tumor samples was less methylated than in normal controls; the mean β-value was 0.48 in ES tumor samples vs. 0.83 in normal control samples, indicating that the GNAS gene was overexpressed in ES relative to normal tissue.
Mutation analysis of the GNAS gene.
No mutations were detected in exons 8 or 9 of the GNAS locus complex on chromosome 20q13.3 in DNA extracted from any of the FFPE tumor samples from the ES patients (Fig. 2) , demonstrating that the pathogenesis of ES was not associated with GNAS mutation.
Immunohistochemical analysis of G sα expression. The correlation of G sα expression with clinicopathological parameters was analyzed using a binary system approach, grouping low expression (grades 0-1) vs. high expression (grades 2-3). Clinicopathological cases involving missing values or without Table II . Primer sequences for GNAS exons 8 and 9. (Table III) . High G sα expression in tumor samples was found in 14/17 samples (82.4%) with a hypomethylated GNAS gene vs. 1/5 samples (20%) with a hypermethylated GNAS gene (P=0.009; Table III) .
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Notably, high G sα expression was detected more frequently in samples from living patients than decedents, although this was not statistically significant; high G sα was found in 12/15 samples (86.7%) from living patients, vs. 7/13 samples (53.8%) from decedents (P=0.055; Table III) . Furthermore, G sα levels were not found to significantly correlate with the survival rate (P=0.220; Fig. 3 ).
Discussion
The GNAS gene on chromosome 20q13.3 encodes the α subunit of the heterotrimeric G protein complex (G sα ) (15) . Activating or inactivating mutations and epigenetic changes at the GNAS locus have been described in a variety of human diseases (15) .
Activating mutations of the GNAS gene induce protein alterations as follows: A mutation at exon 8 of the GNAS gene is responsible for substitution of arginine at codon 201 with Figure 2 . Direct sequencing of GNAS exon 8 and 9 detected no mutations, demonstrating that the pathogenesis of Ewing sarcoma was not connected to GNAS mutation. GNAS, guanine nucleotide-binding protein α stimulating. 
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cysteine or histidine, termed R201C or R201H, respectively; and, more rarely, a mutation at exon 9 of GNAS results in substitution of the glutamine at codon 227 with leucine, arginine, lysine or histidine, termed Q227L, Q227R, Q227K or Q227H, respectively (16) . These protein alterations may inhibit GTPase activity, maintaining an active form of G sα . Activating mutations of the GNAS locus have been detected in McCune-Albright syndrome (17) , pituitary adenoma (10), ovarian granulosa cell tumor (11), renal cell carcinoma (12) , hepatocellular carcinoma (13), pancreatic intestinal-type intraductal papillary mucinous neoplasm (18, 19) and myelodysplastic syndrome (20) . As with mesenchymal bone tumors, fibrous dysplasia (2,21) and parosteal osteosarcoma (22) have also been linked to activating mutations of the GNAS gene. It has been documented that GNAS status has diagnostic utility for differentiating fibro-osseous lesions in morphologically challenging diagnoses: Fibrous dysplasia vs. ossifying fibroma, adamantinoma or osteofibrous dysplasia (16, 22, 23) . GNAS mutation was not identified in any ES tumor sample in the current study, indicating that GNAS mutation is not associated with the pathogenesis of ES. For this reason, GNAS mutation analysis may be used to exclude metastatic bone lesions with GNAS mutations, including renal cell carcinoma or hepatocellular carcinoma, which exhibit morphological resemblances to ES tumor cells (24, 25) . Inactivating mutations of the GNAS locus from the maternal or paternal germ-line are attributed to amino acid substitutions, nonsense mutations, inversions, splicing site mutations, insertions or deletions. Progressive osseous heterotopia has been verified to result from inactivating GNAS mutations of predominantly paternal origin (21, 26) . It has also been documented that epigenetic alterations of the GNAS gene are associated with deletion of the syntaxin 16 gene and hypomethylation of the A/B domain at the GNAS locus complex (27) . Epigenetic changes in the GNAS gene have been demonstrated to be important in disease progression in pseudohypoparathyroidism type Ib (28) . Until now, there has been no research demonstrating that activating or inactivating mutations or epigenetic changes of GNAS have prognostic and not diagnostic value. The T393C pleomorphism of the GNAS locus has been identified to have prognostic value in various malignant tumors, including clear cell renal cell carcinoma (29) , bladder cancer (30), colorectal cancer (31), epithelial ovarian cancer (32) , melanoma (33) , glioblastoma (34) and non-small cell lung cancer (35) .
In the current study, the epigenetic methylation status of the GNAS gene in ES tumor samples was significantly associated with G sα expression: The less methylated GNAS gene in ES tumor samples overexpressed G sα (Table III) . However, ES patients with hypomethylated GNAS genes (high expression of G sα ) had increased survival probability relative to those with hypermethylated GNAS genes (low expression of G sα ), with a non-significant positive trend (P= 0.055, Table III; P=0.220, Fig. 3 ). On the basis of these results, we speculate that the epigenetic transformation of the GNAS gene to hypermethylation status (low G sα expression) in ES tumors may have a an association with more aggressive behavior of ES tumors, but is not significantly correlated with the overall survival.
In summary, GNAS mutation is not associated with the pathogenesis of ES tumors. This finding may be used to distinguish metastatic bone lesions with GNAS mutations that have morphological similarities to ES tumors. Analysis of the methylation status of the GNAS gene and immunohistochemical G sα expression suggests that hypermethylated GNAS gene (low G sα expression) in ES may be associated with Table III . Association of clinicopathological parameters with G sα expression. unfavorable progression with a non-significant trend. Further studies with a larger sample of patients are required to verify these results.
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